Violet iridescence in purple emperor butterflies arises from structural order in the wing-scales in contrast to the chemical pigments responsible for some violet colours in Nature.
The natural world is full of colour, but its origins are not al ways simple. In this article, we look at the colour violet, using examples from butterflies and flowers. Before continuing, we review the part of the electromagnetic spectrum that covers ultra violet (UV) and visible light. The visible region is from 380 to 750 nm (Fig. 1) . The UV region lies beyond the shortest wave length (highest energy) of the visible spectrum ( Fig. 1 ). If visible light of a given wavelength, λ, is reflected, we see the colour corresponding to this wavelength. If visible light of a given wave length is absorbed, we see the complementary colour, i.e. white light minus the absorbed radiation. The difference between re flected and absorbed light is critical to the discussion that follows.
Butterflies and moths belong to the order Lepidoptera. Many moths are nightflying and we often fail to appreciate the beauty of their colours. Dayflying butterflies stun us with their beautiful displays of colours, some of which are iridescent. [1] An iridescent material is one that appears to change colour with the angle from which it is viewed. The appearance of butterfly wings arises from several features: (i) pigments that absorb light, (ii) scattering of light, (iii) luminescence (the emission of light from a material after it has been excited by absorbing light) and (iv) iridescence. [2] The colour of light absorbed by a pigment depends on its chem ical structure and pigments are widespread in the plant kingdom (see later). Scattering of light, luminescence and iridescence arise from nanoscale structures made of chitin on the wings of butter flies. Fig. 2 shows scanning electron microscopy (SEM) images of the wingscales of different butterflies at various magnifica tions. Scales cover both the upper and lower sides of the wings and overlap one another as shown in the SEM image in Fig. 2a . The detailed structure of the scales is visible at higher magnifi cations ( Figs. 2b-d ). Although the detailed construction is highly variable across the several thousand species of Lepidoptera that live in Europe, a general description can be given in terms of parallel ridges (seen in Fig. 2c ) connected by cross ribs.
The violet iridescence of male purple emperor butterflies ( Fig. 3) is particularly striking. The brown colour ( Fig. 3 ) aris es from melanin pigments while the violet hue is a structural colour. Structural colour arises from the interaction between the wavelike properties of incident light and the intricate structural order present on the butterfly wingscales. For interference to oc cur, the periodicity of the structural features must be of the same order of magnitude as the wavelength of the incident light. [3] Scanning electron microscopy (SEM) imaging of the wings of purple emperor butterflies reveals two types of wingscales: cov er and ground scales. As the names imply, the cover scales lie on top of the ground scales, and the micrometric structure of the cover scales is more complex than that of the ground scales. The parallel ridges (analogous to those in Fig. 2c ) form a surface diffraction grating with an 820 nm period. Upon each ridge lies a series of lamella which form a Bragg diffraction grating with a periodicity of ca. 75 nm. The complex architecture is described in detail in ref. [2] and results in a maximum reflectivity at the interface of the UV and visible parts of the spectrum at 380 ± 27 nm, corresponding to violet light (Fig. 1) . The relative ori entations of the lamellae with respect to the wing scale, and the relative orientation of each scale with respect to the membrane of the wing lead to the violet iridescence being visible only within an angular viewing range of 18 o , and so the observation of the vi olet iridescence in Fig. 3 is highly angledependent. Viewed from some angles, the wings appear brown. The large variety of optical nanostructures in Lepidoptera has the potential for application as templates for nanophotonic materials. [4] Not all Nature's violet hues arise from the effects of structural order. Violet, red and blue pigments in flowers, fruit and vegeta bles are often anthocyanins, while red, orange and yellow colours frequently arise from carotenoid pigments; yellow flavone pig ments are also important. Since we are focusing on the colour vi olet, it is the anthocyanin pigments that are of interest and allium flowers provide good examples of such pigmentation. The genus Allium includes many species of onions and garlics as well as cultivated flowers such as Allium hollandicum 'Purple Sensation' (Fig. 4) . The word anthocyanin derives from the Greek ανθος (flower) and κυανος (blue). Anthocyanins are glycosides of anthocyanidins. Scheme 1 shows the structures of the six common naturally occurring anthocyanidins. [5] Their names derive from genera of plants (e.g. Pelagonium, Delphinium, Paeonia) all of which have bright violet, blue or red flowers. Starting from these six anthocyanidins and replacing different numbers of OH groups by a wide variety of glycosyl units (monosaccharides, or linear or branched oligosaccharides) leads to several thousand watersolu ble anthocyanin pigments. [6] These may contain OH groups in the glycosyl units (as shown in Scheme 1, right) or OAcyl groups. Mixtures of anthocyanins are common [7] and, for example, acy lated glycosides of petunidin and peonidin (Scheme 2) have been isolated from certain cultivars of purple potatoes. [8] The violet, blue or red colours of anthocyanins arise be cause they absorb light in the region 480-550 nm with high mo lar absorption (or molar extinction) coefficients in the range of 25,000-50,000 dm 3 mol -1 cm -1 -the higher the molar extinction coefficients, the more intense the colour. [9] Absorption in the 480-550 nm range (see Fig. 1 ) removes green light from incident white light, leaving violet, blue, or red light being transmitted for the eye to observe depending on the exact wavelengths of light absorbed; the absorption spectra of anthocyanins are pH dependent.
This article highlights how Nature uses reflected light to produce beautiful violet iridescence in butterfly wings, or uses pigments which absorb selected wavelengths of light to produce violetcoloured flowers. 
